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(57) ABSTRACT

A method of etching a programmable memory microelec-
tronic device (10) having a substrate covered with at least one
of the following layers in succession: a first electrode (2)
based on a first metallic element; a layer (4) of chalcogenide
doped with a second metallic element; a second electrode (5)
based on a third metallic element; a diffusion barrier type
clectrically-conductive layer (6); and a hard mask (7); 1s
provided. The method includes etching, using an 1nert gas
plasma, at least the hard mask (7), the electrically-conductive
layer (6), the second electrode (5) and the chalcogenide layer
(4), where the etching step 1s carried out by cathode sputtering
at a temperature strictly less than 150° C., preferably at a
temperature of at most 120° C., and particularly preferably at
a temperature of at most 100° C.

15 Claims, 2 Drawing Sheets
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METHOD OF ETCHING A PROGRAMMABLLE
MEMORY MICROELECTRONIC DEVICE

RELATED APPLICATION

This application claims the benefit of priority from French
Patent Application No. 10 61337, filed on Dec. 29, 2010, the
entirety of which 1s incorporated by reference.

BACKGROUND

1. Field of the Invention
The present invention relates to a method of etching a
programmable memory microelectronic device and to a pro-

grammable memory electronic device obtained by said
method.

2. Description of Related Art

Programmable memory microelectronic devices are typi-
cally, but not exclusively, programmable 1onic conduction
(metallization) cells, which are computer memories known as
“non-volatile” computer memories. Such programmable
ionic conduction cells are known by the acronyms CBRAM,
standing for “conductive-bridging random access memory”,
or PMC, for “programmable metallization cell”.

That type of microelectronic structure (CBRAM or PMC)
1s described in Document U.S. Pat. No. 6,084,796, for
example.

A CBRAM (or PMC) typically comprises a vertical stack
of layers formed by a substrate based on a silicon type semi-
conductor on which the following layers are deposited 1n
succession: an electrode termed the bottom electrode, a layer
ol a chalcogenide glass doped with silver (i.e. solid electro-
lyte), and an electrode termed the top electrode formed from
silver. The layer of a chalcogenide glass 1s interposed between
the bottom electrode and the top electrode.

Said electrodes are configured to cause a metallic dendrite
to grow (1.e. formation of an electrically-conductive bridge)
from the negative of the two electrodes towards the positive of
the two electrodes through the layer of doped chalcogenide
glass when a voltage 1s applied between said electrodes. By
applying an opposite voltage between said two electrodes, the
reverse phenomenon 1s obtained, namely disappearance of
the metallic dendrite (1.e. disappearance of the electrically-
conductive bridge) within the doped chalcogenide glass layer.

Thus, when the electrically-conductive bridge 1s created
(the step known as “writing™), the logic state of the device
may be represented by “1”, or may correspond to the “ON”
state, while when the electrically-conductive bridge disap-
pears, the logic state of the cell may be represented by “0” or
may correspond to the “OFF” state.

In order to produce the motifs for the CBRAM microelec-
tronic structure, etching of the top electrode and the doped
chalcogenide glass 1s routinely carried out using a hard mask.
Said etching 1s conventionally carried out at high temperature
in a metal etching chamber using a plasma.

However, numerous defects appear after said etching step,
not only at the surface of the layers not covered by the hard
mask, known as the “open surfaces”, but also at the ends of the
ctched layers.

Said defects are linked to the various metallic elements
contained in the microelectronic layers of the CBRAM struc-
ture, such as the silver contained in the chalcogenide glass
layer and in the top electrode. Said metallic elements are
non-volatile elements, but are chemically highly reactive and
highly mobile.

More particularly, the metallic defects at the surface of the
open layers originate from vertical migration of said metallic
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elements 1n the CBRAM stack. In addition, the metallic
defects at the ends of the etched layers are the cause of

horizontal migration of metallic elements 1n the CBRAM
stack.

Said metallic defects significantly degrade the quality of
microelectronic CBRAM structures and thus limait their elec-
trical performance or even render them non-functional.

OBJECTS AND SUMMARY

The present invention aims to overcome the disadvantages
of prior art techniques, in particular by proposing a method of
plasma etching of a programmable memory electronic device
that can be used to significantly limit or even avoid the appear-
ance of metallic defects 1n said device while guaranteeing a
highly satisfactory rate of etching (i1.e. very good industrial
productivity).

The present mnvention provides a method of etching a pro-
grammable memory microelectronic device comprising a
substrate covered with at least one of the following layers 1n
succession:

a first electrode (1.e. bottom electrode) based on a first

metallic element;

a layer of chalcogenide doped with a second metallic ele-

ment;

a second electrode (1.e. top electrode) based on a third

metallic element;

a diffusion barrier type electrically-conductive layer; and

a hard mask;

the method comprising a step consisting 1n etching, using

an mert gas plasma, at least the hard mask, the electr-
cally-conductive layer, the second electrode and the
chalcogenide layer;

the etching step being characterized in that 1t 1s carried out

by cathode sputtering at a temperature strictly less than
150° C., preferably at a temperature of at most 120° C.,
and particularly preferably at a temperature of at most
100° C.

The first, second, and third metallic elements may be 1den-
tical or different.

The Applicant has surprisingly discovered that by limiting,
the temperature during the plasma etching method of the
invention, the metallic defects disappear to a significant
extent.

As a consequence, activation of the mobaility of the metallic
clements, especially silver, in the microelectronic device of
the 1invention 1s greatly limited during the etching step of the
invention, and thus the density of metallic defects after etch-
ing 1s significantly reduced thereby.

Plasma Etching Step

According to the present invention, the etching attack on
the hard mask 1s substantially less rapid than the etching
attack on the second electrode so that at the end of the etching
step, the hard mask 1s not completely etched (1.e. elimiated).

More particularly, the etching step depends on two param-
cters, namely the rate of etching and the thickness of the
layers to be etched.

Thus, the skialled person can cause at least one of these two
parameters to be varied; by way of example, the skilled per-
son can:

1. act on the difference in etching rate between the hard

mask and the second electrode;

11. act on the difference 1n thickness between the hard mask

and the second electrode;

111. act on parameters 1. and 11.

The etching step of the invention 1s conventionally carried
out 1n an etching chamber comprising a sample carrier. More
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particularly, the temperature at which etching by cathode
sputtering 1s carried out i1s the temperature of said sample
carriecr on which the programmable memory electronic
device 1s positioned, the portion 1n physical contact with the
sample carrier being the substrate.

Cathode sputtering using an 1nert gas plasma 1s a method
that 1s well known to the skilled person and 1s used in particu-
lar to deposit thin layers of a matenial by condensing a metal
vapor derived from a solid source (1.e. target) on a substrate
positioned on a sample carrier.

In the context of the present mvention, the target corre-
sponds to a vertical stack of layers in accordance with the
invention. For this reason, a target that 1s independent of said
stack 1s not necessary. The aim of cathode sputtering 1s to
remove at least a portion, preferably all of the second elec-
trode and the layer of chalcogenide not protected by the hard
mask.

Thus, more particularly, the cathode sputtering etch of the
invention 1s that known as mechanical etching, or 1n other
words etching that 1s not chemical etching, namely 1t does not
involve combining two materials to form a third, for example
by chemical condensation.

The etching chamber used to carry out the method of the
invention may be an etching chamber that 1s a soit mask or
resin mask dielectric etching chamber.

Preferably, the mert plasma gas used in the method of the
invention 1s a chemically 1nactive gas plasma.

More particularly, said chemically inactive gas plasma
may comprise just one or a plurality of chemically 1active
gases.

The chemically 1nactive gas or gases may be selected from
clements from column 18 (VIIIA) of the periodic classifica-
tion of the elements, such as argon (Ar), helium (He), or neon
(Ne), for example.

The Programmable Memory Microelectronic Device

The programmable memory microelectronic device of the
invention typically comprises a vertical stack of layers
formed by a substrate on which the following layers are
deposited 1n succession: the first electrode based on a first
metallic element, the layer of chalcogenide doped with the
second metallic element, the second electrode based on a

third metallic element, the electrically-conductive layer, and
the hard mask.

Other layers that are well known to the skilled person may
be mterposed between those mentioned above.

The Substrate

In the present invention, the term “substrate” may include
any type of structure.

Particular examples that may be mentioned are semicon-
ductor substrates that may, as 1s conventional, be based on
s1licon and/or quartz. As an example, the semiconductor sub-
strate may be selected from substrates of silicon, of silicon
oxide, and of quartz.

The semiconductor substrate may, for example, comprise
semiconductors of the silicon on msulator (SOI) type, silicon
on sapphire (SOS) type, doped or non-doped semiconductor
type, or of the type formed by silicon layers grown epitaxially
on a semiconductor base. Processing steps may be used to
form regions or junctions 1n or over the semiconductor base.

The substrate 1s not necessarily semiconductive, but may
be any type of support structure adapted to support an inte-
grated circuit. As an example, the substrate may be formed
from a ceramic or be based on a polymer.

As an example, the substrate may have a thickness 1n the
range 150 um [micrometer| to 400 um, or even up to 800 um.
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The First and the Second Electrodes

The first and second electrodes are metallic electrodes,
respectively based on a first and a third metallic element,
produced and deposited using techniques that are well known
to the skilled person. They respectively correspond to an
anode and to a cathode, or vice versa.

The first metallic element may typically be selected from
nickel, tungsten, a nickel alloy, and a tungsten alloy.

The third metallic element may typically be selected from
silver and an alloy of silver such as silver tantalate, for
example.

In a particular embodiment, the programmable memory
microelectronic device of the invention may also comprise an
clectrically-insulating layer (1.e. dielectric layer) interposed
between the substrate and the chalcogenide layer.

Said electrically-insulating layer may be positioned at the
same (horizontal) level as the first electrode, and more par-
ticularly it may extend on either side of the first electrode. The

chalcogenide layer thus remains 1n electrical contact with the
first electrode.

When the programmable memory microelectronic device
comprises at least two stacks, said electrically-insulating
layer can be used to isulate a first stack electrically from a
second stack, the two stacks being positioned side by side 1n
the operational configuration.

Preferably, the thickness of said electrically-insulating
layer 1s 1dentical to that of the first electrode.

As an example, said electrically-insulating layer may be a
layer of silicon nitride (S1;N,).

The Chalcogenide Layer

The layer of doped chalcogenide 1s conventionally inter-
posed between the first and the second electrode in order to be
able to form electrically-conductive bridges when a voltage 1s
applied between these two electrodes. As a consequence, the

layer of chalcogenide must be 1n physical contact with the two
clectrodes.

More particularly, for CBRAMSs (or PMCs), the two elec-
trodes are configured to cause a metallic dendrite to grow (1.¢.
to form an electrically-conductive bridge) from the negative
of the two electrodes towards the positive of the two elec-
trodes through the layer of doped chalcogenide when a volt-
age 1s applied between said electrodes. Applying an opposite
voltage between said two electrodes produces the reverse
phenomenon, namely disappearance of the metallic dendrite
(1.e. disappearance of the electrically-conductive bridge) 1n
the doped mtermediate layer.

Thus, if an intermediate layer 1s positioned between an
clectrode and the chalcogenide layer, 1t 1s essential that the
chalcogenide layer 1s 1n electrical contact with said electrode,
for example via conductive materials that can electrically
connect the chalcogemde layer to said electrode.

In accordance with the invention, the constituent material
of the chalcogenide layer comprises a chalcogenide com-
posed of at least one chalcogen 10on and at least one electrop-
ositive element. More particularly, said material may be a
chalcogenide glass.

A chalcogenide may be represented by the following for-
mula: A _B,,,_., In which A 1s an electropositive element, B 1s
a chalcogen 10n, and X 1s an integer 1n the range 1 to 99.

The constituent chalcogens of the chalcogen 1ons are con-
ventionally those i group 16 of the periodic classification of
the elements and those that are preferably used in the mnven-
tion are sulfur (S), selenium (Se), and tellurium (Te).

More particularly, the constituent electropositive element
of the chalcogenide may be:

an element from group 14 (1.e. group IVA) of the periodic

classification of the elements, 1n particular silicon (S1),
or germanium (Ge); or
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an element from group 15 (1.e. group VA) of the periodic
classification of the elements, 1n particular phosphorus
(P), arsenic (As), antimony (Sb), or bismuth (B1).

Preferably, said electropositive element 1s germanium (Ge)
or arsenic (As).

Typically, a chalcogenide glass 1s used when the electrop-
ositive chalcogenide element belongs to group 14 or to group
15 of the periodic classification of the elements.

Examples of chalcogenides that may be mentioned are
germanium  selenide, Ge _Se,,,_., germanium sulfide
Ge. S, 4o_., Or arsenic sulfide As. S, ,,_,, X being an integer 1n
the range 1 to 99.

The preferred chalcogenide 1s germanium
Ge_ S, o_., 1n particular where x=33 (1.e. GeS,).

The second, metallic element, which is the element doping
the chalcogenide, 1s preferably silver.

In a preferred embodiment, the second metallic element 1s
identical to the third metallic element.

In another preferred embodiment, the second metallic, ele-
ment and/or the third metallic element 1s silver.

The Flectrically-Conductive Layer

The electrically-conductive layer of the mvention, of the
intermediate layer type, allows a screen to be produced
against the diffusion of mobile metallic elements comprised
in particular 1in the subjacent or lower layers of the microelec-
tronic device.

In particular, the conductive layer 1s intended to constitute
a diffusion barrier to at least one of the three metallic ele-
ments, preferably to the second and third metallic elements.

As an example, said diffusion barrier type conductive layer
1s a layer of titanium (11), a titanium alloy such as titanium
nitride (TiN), tantalum, or an alloy of tantalum such as tan-
talum nitride (TaN), for example.

The Hard Mask

The hard mask of the ivention may comprise an electri-
cally-conductive layer and/or an electrically-insulating layer
(1.e. dielectric layer).

In a first embodiment, the hard mask may comprise one or
more electrically-conductive layers.

In a second embodiment, the hard mask may comprise the
clectrically-insulating layer deposited on the electrically-
conductive layer.

Further, the intermediate layer type electrically-conductive
layer and the electrically-conductive layer of the hard mask
may be one and the same layer.

More particularly, the electrically-insulating layer of the
hard mask 1s alayer of an electrically-insulating material such
as a dielectric layer of an oxide (for example silicon oxide).
The electrically-conductive layer 1s a layer of an electrically-
conductive material such as a metallic layer of titanium
nitride, for example.

In a turther aspect, the invention provides a programmable
memory microelectronic device obtained from the method as
defined 1n the present mvention.

Said microelectronic device obtained thereby has a density
of metallic defects (1.e. visual count of the number of metallic
defects per umt surface area) that 1s three times smaller,
preferably ten times smaller, and particular preferably one
hundred times smaller than the defect density of an identical
device that has undergone an etch step under the same con-
ditions as those specified in the invention, but at a temperature

not less than 150° C.

sulfide,

BRIEF DESCRIPTION OF THE DRAWINGS

Further characteristics and advantages of the present
invention become apparent from the examples below made
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6

with reference to the accompanying drawings, said examples
and figures being given by way of non-limiting example.

FIG. 1 1s a partial cross-sectional view of a stack of layers
of a microelectronic device, before etching in accordance
with the mvention.

FI1G. 2 1s a partial cross-sectional view of the stack of layers
of FIG. 1 after etching in accordance with the invention.

DETAILED DESCRIPTION

The adjectives “top”, “bottom™, “vertical” and “horizon-
tal” are defined 1n the present invention relative to the position
ol a microelectronic device as shown 1 FIGS. 1 and 2.

FIG. 1 represents a particular stack (10) forming a micro-
clectronic device before applying the etching method 1n
accordance with the present invention.

Said stack (10) comprises the following layers 1n succes-
S101:

a substrate (1) comprising at least one layer based on sili-
con, and optionally a succession of elements well known
to the skilled person, the thickness of the substrate being
300 um;

a layer (2) of tungsten forming the first electrode (or bottom
clectrode), the thickness of said layer being 100 nm
|nanometer]|;

a layer (3) of silicon mitride (S1;N ) extends horizontally on
either side of the tungsten layer forming the electrically-
insulating layer, the thickness of said layer being 1den-
tical to that of the tungsten layer;

a layer (4) of a GeS, type chalcogenide glass doped with
silver, the thickness of this layer being of the order ot 50
nm;

a layer (5) of silver forming the second electrode (or top
clectrode), the thickness of said layer being of the order
of 30 nm:

a layer (6) of tantalum nitride (TalN) forming the electri-
cally-conductive layer, the thickness of this layer being
of the order of 10 nm;

a layer (7a) of titantum nitride (TiN) forming the electri-
cally-conductive layer of the hard mask (7), the thick-
ness of said layer being of the order of 50 nm; and

a layer (7b) of oxide forming the electrically-insulating
layer of the hard mask (7), the thickness of this layer
being of the order of 80 nm.

This stack (10) (stack A) was placed in a metal etching
chamber, said chamber being marketed by the supplier
Applied Materials under reterence Hot DPS2.

At the same time, the same stack (stack B) was placed 1n a
dielectric etching chamber, said chamber being marketed by
the supplier Applied Materials under reference Cold DPS2.

Inside these two chambers, each said stack was placed on
the surface of a sample carrier within said chamber.

The step of etching said stack was carried out by cathode
sputtering using an argon plasma for a period ol approxi-
mately 150 seconds.

The temperatures employed during etching were as fol-
lows:

in the “Hot DPS2” chamber, the temperature was 150° C.
(comparative test); and

in the “Cold DPS2” chamber, the temperature was 60° C.
(test 1n accordance with the invention).

More particularly, the temperature mentioned here was the
temperature of the sample carrier on which the stack (10) was
positioned, the portion in physical contact with the sample
carrier being the substrate (1).
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At the end of etching, the surfaces of stacks A and B were
observed with an optical microscope supplied by LEICA,
using a magnification of 130.

Stack A had a high silver defect density (1.e. a visual count
of the number of silver defects per unit surface area). In fact,
silver defects were observed:

at the open surfaces (11), linked to migration or vertical

diffusion of silver contained in the layer of silver (5)
used as the top electrode, and

in the layer of chalcogenide (4) doped with silver: this 1s

referred to as silver residues 1n the open surfaces; and at
the ends (12) of the stack A, linked to migration or
horizontal diffusion of silver contained in the layer of
silver (8) used as the top electrode, and in the layer of
chalcogenide (4) doped with silver: this 1s referred to as
silver extrusion defects.

Atatemperature of 150° C. or more, the mechanism for the
appearance of silver defects after etching 1s directly linked to
the mobaility of silver 1n the stack. Silver has the capacity to
move within the stack and generate local inhomogeneities
with very concentrated zones of silver.

The stack B 1tself had a much lower silver defect density
(for example one hundred times smaller) than that observed
for stack A. Thus, activation of the mobility of the silver
contained in stack B has been greatly limited, which means
that better control of the diffusion of silver within the layer of
chalcogenide can be guaranteed. For this reason, this limita-
tion of silver defects i stack B results 1n a significant
improvement in electrical performance during use of stack B
as a CBRAM.

Further, the rate of etching of stack B was substantially the
same as the rate of etching of stack A. Thus, there was no loss
of productivity.

Thus, the Applicant has discovered a low temperature etch-
ing method 1n particular using a dielectric etching chamber,
having a highly satisfactory rate of etching while significantly
reducing the quantity of metallic defects after etching.

The mvention claimed 1s:

1. A method of etching a programmable memory micro-
clectronic device having a substrate covered with at least one
of the following layers 1n succession:

a first electrode based on a first metallic element;

a layer of chalcogenide doped with a second metallic ele-

ment,

a second electrode based on a third metallic element;

a diffusion barrier type electrically-conductive layer; and

a hard mask;
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said method comprising the step of:

etching, using an nert gas plasma, at least the hard mask,
the electrically-conductive layer, the second electrode
and the chalcogenide layer,

wherein the etching step 1s carried out by cathode sputter-

ing at a temperature less than 150° C.

2. The etching method according to claim 1, wherein the
etching 1s mechanical etching.

3. The etching method according to claim 1, wherein the
iert gas plasma 1s a plasma of argon.

4. The etching method according to claim 1, wherein the
hard mask comprises an electrically-conductive layer and/or
an electrically-insulating layer.

5. The etching method according to claim 4, wherein the
clectrically-conductive layer 1s a layer of titamium nitride
(T1IN).

6. The etching method according to claim 4, wherein the
clectrically-msulating layer 1s deposited on the electrically-
conductive layer.

7. The etching method according to claim 1, wherein the
diffusion barrier type electrically-conductive layer 1s a layer
of tantalum nitride (TalN).

8. The etching method according to claim 1, wherein the
layer of chalcogenide comprises GeS,.

9. The etching method according to claim 1, wherein the
second metallic element 1s 1dentical to the third metallic ele-
ment.

10. The etching method according to claim 1, wherein the
second metallic element and/or the third metallic element 1s
silver.

11. The etching method according to claim 1, wherein the
programmable memory microelectronic device further com-
prises an electrically-insulating layer interposed between the
substrate and the layer of chalcogenide.

12. The etching method according to claim 11, wherein the
clectrically isulating layer 1s a layer of silicon nitride
(S13N,).

13. A programmable memory microelectronic device
obtained from a method according claim 1.

14. The etching method according to claim 1 wherein the
etching step 1s carried out by cathode sputtering at a tempera-
ture of at most 120° C.

15. The etching method according to claim 1 wherein the
etching step 1s carried out by cathode sputtering at a tempera-
ture of at most 100° C.
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